Abstract
Introduction
Randomized evidence has demonstrated the benefit of the endovascular treatment of both ruptured and unruptured cerebral aneurysms [1, 2] . Long-term follow-up of the International Subarachnoid Hemorrhage Trial indicates a significantly lower risk of death at 5 years with coiling compared to clipping; however, rebleed rates are relatively higher [1] . Incomplete aneurysm occlusion or aneurysm recurrence is postulated to be a risk factor for aneurysm rehemorrhage [3, 4] . An estimated 20.8% of aneurysms exhibit recurrence at follow-up after endovascular coiling [5] .
Advances in endovascular therapy have likely reduced aneurysm recurrence after treatment [6] . New devices, such as the pipeline embolization device (PED; ev3/Covidien, Irvine, CA, USA), have also enabled the treatment of a wider array of aneurysm types. PED is a "flow diverter," of braided platinum (25%) and nickel-cobalt-chromium (75%), placed endoluminally across the "neck" of an aneurysm, diverting blood flow from the aneurysm and resulting in occlusion/thrombosis within the aneurysm. The FDA approved the use of the PED in the United States in April 2011 for the treatment of "adults with large or giant wide-necked aneurysms in the internal carotid artery from the petrous to the superior hypophyseal segments" [7] . This approval was largely based on safety data from Becske et al. [8] in which 74% of aneurysms treated with the PED remained occluded after 6 months without significant stenosis of the parent artery [8] . Other studies have suggested higher rates of aneurysm occlusion, especially when PED use is coupled with coiling [9, 10] .
While the use of the PED has become increasingly common, longitudinal data for its use in certain arterial regions is limited, such as for the treatment of anterior communicating (ACOM) artery aneurysms. Reports of PED use in this arterial region for aneurysms refractory to primary coiling are even more lacking. We report 3 patients with ACOM artery aneurysms, refractory to endovascular coiling, treated with the PED.
Patients
Our study was conducted in compliance with our Institutional Review Board. Three patients with remnant or recurrent ACOM artery aneurysms who had initially been treated with primary coiling were identified. Two had suffered aneurysm rupture. Informed written consent was obtained from all patients. In each case, pretreatment angiogram was performed to confirm a "simple" ACOM artery, one without significant perforator vessels. Endovascular parent reconstruction and aneurysm occlusion was achieved in all cases using the PED. All patients were treated with dual antiplatelets for a minimum of 5 days prior to PED placement. Platelet function testing was done prior to each procedure with a target of <220 P2Y12 reaction units for clopidogrel and <550 aspirin reaction units for aspirin. All patients were heparinized after arterial access with a target activated clotting time of 250-300. None of the patients were reversed after the case was 
Results
Mean age of our patients was 59 years. Mean follow-up angiography time was 10 months ( Table 1 ) .
Patient 1
A 68-year-old man was discovered to have an unruptured superior and anterior projecting 8-mm ACOM artery aneurysm. The aneurysm was coiled, with follow-up angiogram suggesting total aneurysm obliteration. However, 2 years after treatment, residual filling was noted. The patient was treated with a 3 × 16 mm PED through an XT-27 microcatheter (Stryker, Fremont, CA, USA) via a left anterior cerebral artery (ACA) approach. The PED was deployed between the proximal left A2 and the distal left A1. Additional coiling was performed via a jailed microcatheter next to the PED and a Neuroform stent (Stryker), which was placed within the contralateral right ACA. Follow-up angiography 6 and 12 months later revealed persistent and complete aneurysm occlusion and a widely patent stent with good wall apposition without evidence of in-stent stenosis or thrombosis ( Fig. 1 ) .
Patient 2
A 46-year-old woman initially presented with a ruptured ACOM artery aneurysm (Hunt and Hess grade 2/Fisher grade 3). A large, 15.7 × 12.2 mm aneurysm with a 5.3-mm neck was treated with primary coil embolization. The 6-month diagnostic angiogram revealed aneurysm recurrence of 4.23 mm in height × 9 mm in width at the aneurysm's neck. Eight months after initial coil embolization, she was treated with the PED. A 2.5 × 14 mm PED was coaxially introduced through a Marksman microcatheter (ev3/Covidien) across the neck of the aneurysm, with its distal end in the proximal left A2 and the proximal end at the mid-left A1. Diagnostic angiogram 6 months later showed good vessel wall apposition and no evidence of aneurysm recanalization or neck residual ( Fig. 2 ) . 
Patient 3
A 64-year-old man presented with a ruptured ACOM artery aneurysm (Hunt and Hess grade 4/Fisher grade 4). He was treated with primary endovascular coiling. The 6-month follow-up angiogram revealed a 1-mm remnant/recurrent aneurysm neck. MRA several years later demonstrated persistent aneurysm with a slight increase in size. Cerebral angiogram at this point demonstrated neck remnants measuring 2 mm in height and 4.9 mm in width. The patient underwent a 2.5 × 12 mm PED placement between the left A1 and A2 segments of the ACA through an XT-27 microcatheter. As the wire was captured back into the XT-27 microcatheter, there was proximal migration of the PED; a second pipeline device was deployed to adequately cover the neck of the aneurysm. The second PED, 2.75 × 12 mm, was advanced through the XT-27 microcatheter and deployed with its distal end in the proximal left A2 and the proximal end overlapping with the previously placed pipeline; the overlapped segment adequately covered the neck of the aneurysm. Coiling of the residual ACOM aneurysm was performed via the right internal carotid artery (ICA). Immediate post-procedure cerebral angiogram showed near occlusion; 3-and 14-month cerebral angiograms showed complete occlusion of the aneurysm ( Fig. 3 ) . 
Discussion
Cerebral aneurysms most commonly occur in the anterior circulation and are frequently located at branch points of the circle of Willis [11] . Risk of aneurysm rupture depends on various factors including location and size [12] . Multiple independent epidemiologic studies have found that aneurysms in the ACOM artery distribution are at highest risk for rupture [13] [14] [15] . Despite their relative prevalence and risk of rupture, there is limited follow-up data on the use of PED -and flow diverters in general -in the treatment of ACOM artery aneurysms. Specifically, there is limited data regarding PED use in patients with incomplete aneurysm occlusion following endovascular coiling.
Aneurysm recurrence is not infrequent after primary coiling -a recent meta-analysis suggests 20% recurrence [5] . In addition, only an estimated 62.3% of coiled aneurysms achieve complete initial occlusion [1, 5] ; therefore, more than half of all coiled aneurysms are susceptible to incomplete occlusion. This could portend risk of rupture, further growth, and patient anxiety. Moreover, microsurgical treatment of ACOM artery aneurysms is wrought with its own challenges, further supporting the need for a safe and durable endovascular option [16] .
Occlusion of small perforating vessels has been reported with the use of the PED [17] . It is noteworthy that ischemic stroke did not occur in any of our patients. This is owed, in part, to the vascular anatomy of the ACA. The A1 and A2 junction lends itself to the use of the PED given the paucity of side branch perforators. Particular awareness should be given to the medial lenticulostriate vessels, small perforators that authors variably note to originate from either the proximal middle cerebral artery or the proximal half of the A1 ACA [18] [19] [20] . Awareness of the origin of these relatively small vessels informs the neurointerventionalist of the PED's ideal landing zone ( Fig. 4 ) . This region spans the distal half of the A1 segment, A1-A2 junction, and proximal A2. The recurrent artery of Heubner (RAH or medial striate artery) is the most prominent lenticulostriate vessel arising from this region. It most often arises from the proximal A2 (48-78%), but can also arise from the ACOM artery or distal A1; Rhoton and colleagues state that it arises within 4 mm of the A1-A2 junction in 95% of cases [21] [22] [23] . The RAH supplies portions of the caudate, internal capsule, Color version available online paraterminal gyrus, and putamen and therefore care is taken to preserve this vessel during microsurgical clipping of ACOM artery aneurysms [23] . However, to our knowledge, jailing (covering) this vessel with the PED has not been reported to cause infarction. Although technically a lenticulostriate vessel, the RAH is notably larger than the medial lenticulostriate vessels and, with a diameter of ∼ 1 mm, it approximates to that of the ophthalmic artery (0.7-1.8 mm) and anterior choroidal artery ( ∼ 0.94 mm), vessels that can be safely jailed when the PED is used according to its FDA approval in the distal ICA [22, [24] [25] [26] [27] . With regards to the ACOM artery itself, in normal physiologic conditions with equal bilateral A1 flow rates, net flow across the ACOM artery is absent. Indeed, elevated hemodynamic force from cross-flow is postulated to promote the formation and growth of ACOM artery aneurysms [28, 29] . In our cases, post-PED images suggest diminished contralateral ACA flow with ipsilateral ICA injection. We confirmed the unaltered patency of the contralateral ACA by a contralateral ICA injection ( Fig. 5 ) . Competitive A1 flow, as in normal hemodynamic conditions, is the most likely explanation for the apparent change in the ACOM artery's filling status post-PED. Nonetheless, although none of our patients suffered from stroke, until larger studies investigating the effect of PED at the A1-A2 junction are reported, in our opinion, PED placement should be limited to "simple" ACOM arteries, those without large perforating vessels. Few other authors have reported their experience with PED in the ACOM artery territory. Pistocchi et al. [30] report 11 ACOM artery aneurysms treated with the Silk Embolization Device (SILK; Balt Extrusion, Montmorency, France) and 1 recurrent ACOM artery aneurysm treated with the PED. Lin et al. [31] report 2 ACOM artery aneurysms treated with the PED. Gawlitza et al. [32] also report 3 recurrent ACOM artery aneurysms treated with the PED with a median time to follow-up digital subtraction angiography of 4 months. More recently, Dabus et al. [33] reported 13 patients with ACOM artery aneurysms treated with the PED; 12 patients had a mean time to angiographic follow-up of approximately 9 months.
Although approved for ICA segment aneurysms, our findings demonstrate that the PED can safely and effectively be used as an adjunct therapy for ACOM artery aneurysms. There were no thromboembolic complications, none of the patients had any adverse neurological symptoms, and complete angiographic aneurysm occlusion was observed in all cases. 
